1. Introduction {#sec1}
===============

The clinical success of implants, such as biomedical titanium, relies on effective osteointegration at the interface between bone tissues and implant materials [@bib1]. Improvement in implant electroactivity and surface chemistry has been applied to obtain the desirable osteointegration outcome, without any fibrous tissue intervention [@bib2]. The universal existence of electrical signals in all functions of living organisms [@bib3], has given researchers inspiration to design new-generation biomaterials to manipulate cellular bioelectrical signals [@bib4]. Conductive polymer (CP) is an ideal candidate for modifying implant, because they possess electroactivity, biocompatibility, biomolecule affinity and environmental stability [@bib5], [@bib6]. CP such as polyaniline (PANi) and polypyrrole (PPy) could promote growth and differentiation of skeletal muscle cells, cardiacmyoblasts, and neurons [@bib5]. PPy bone-like nanoarchitecture (i.e., nano-fibers) has recently received a great deal of attention due to their biocompatibility, electroactivity and biomolecule affinity [@bib7]. PPy has been used to fabricate nanoarchitecture on the implant surface through incorporating different dopants, such as taurocholic acid [@bib6], cetyltrimethylammonium bromide [@bib8], taurine [@bib9]. However, it remains a challenge to promote carbonated hydroxyapatite deposition on PPy coated implant, which is related to the osteointegration [@bib10].

Incorporating catechol moiety into electroactive PPy is a smart strategy to facilitate the formation of hydroxyapatite. Polydopamine (PDA) is a mimic of the specialized adhesive foot protein, Mefp-5 (Mytilus edulis foot protein-5) [@bib11]. Catechol moiety of PDA strongly binds to various metal ions, and could accelerate hydroxyapatite formation by co-precipitation of calcium and phosphate ions [@bib12]. PDA could be synthesized through the electrochemical polymerization of dopamine [@bib13]. Therefore, PDA can be incorporated into PPy through simultaneous electrochemical polymerization of dopamine and pyrrole. As a green chemical synthesis method, electrochemical polymerization provides an efficient way to modulate the polymerization reaction, which potentially results in a smoother and more homogeneous coverage compared to its solution counterpart [@bib14]. We electrochemically incorporated mussel-inspired PDA into electroactive PPy nanowires. And the biomineralization *in vitro* shows that the catechol moiety on the surface could improve hydroxyapatite crystallization.

2. Materials and methods {#sec2}
========================

Nano-architectured PPy (NAPPy) doped with PDA was synthesized on biomedical titanium via template-free electrochemical polymerization. First, under the control of an electrochemical workstation, the prenucleation film (PNF) was formed on titanium at 0.8 V (vs SCE) for 30 s at room temperature. The electrolyte contained 0.2 M KCl (Aladdin Chem Co., China) and 0.1 M Py (Aladdin Chem Co., China). Second, NAPPy was galvanostatically synthesized on PNF at a different current for 40 min. The electrolyte was a phosphate buffer solution (PBS), which contained 0.2 M Py and 0.1 M DA (Aladdin Chem Co., China). PH value was 6.8 and the concentration of phosphate was 0.5 M. And the PPy/PDA nanowires and PPy/PDA nanograins coating were synthesized at 1.5 mA cm^2^ and 0.3 mA cm^2^, respectively. As a control, β-naphthalene sulfonic acid (NSA) (Aladdin Chem Co., China) replaced dopamine, and PPy/NSA nanowires were synthesized according to Jingwen Liao\'s research [@bib15].

The adhesion strength of PPy/PDA nanowires coating was determined through ultrasonication tests. Ultrasonication (Kunshan Ultrasonic Instruments Co. Ltd., Kunshan, China, 40 kHz, 80 W) was applied to test the *in vitro* mechanical stabilities of coating on titanium implant for 15 min. Then overall structure microstructure of the coating was recorded by camera and field emission scanning electron microscopy (FE-SEM, ZEISS Ultra 55, Germany), respectively.

The simulated body fluid (SBF) was prepared according to Kokubo\'s previous description [@bib16]. NAPPy doped with DA and NSA were immersed in SBF for biomineralization, respectively. After been incubated in a constant temperature incubator at 37 °C for 3 days and 7 days, respectively, the specimens were washed with deionized water and dried under a vacuum.

Field emission scanning electron microscopy (FE-SEM, ZEISS Ultra 55, Germany) and atomic force microscopy (AFM, Shimadzu SPM-9600, Japan) were used to characterize PPy nano-architectures. Fourier transform infrared spectroscopy (FTIR, Bruker VERTEX 33, Germany) was used to characterize the chemical composition of CaP deposition. An electrochemical workstation (Zennium Zahner, Germany) was used to measure cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). CV and EIS was tested in three electrode system, including platinum as counter electrode and SCE as reference electrode and sample (pure titanium, PPy/PDA nanograins coated titanium and PPy/PDA nanowires coated titanium, respectively) as working electrode. The electrolyte was 0.1 M KCl solution. The slew rate of CV was 50 mV/s. The EIS was tested from 100000 Hz to 0.01 Hz.

3. Results and discussion {#sec3}
=========================

In this work, we electrochemically incorporated PDA into conducting PPy coating on titanium. The catechols moiety of PDA strongly bind to calcium. So the hydroxyapatite could form by co-precipitation of phosphate ions and calcium ([Fig. 1](#fig1){ref-type="fig"}). As shown in [Fig. 2](#fig2){ref-type="fig"}, polypyrrole nanowires and nanograins were deposited on the biomedical titanium. When the current density was 1.5 mA cm^−2^, high density of PPy/PDA nanowires about 180 nm in diameter were successfully synthesized using template-free electrochemical polymerization ([Fig. 2a1, b1](#fig2){ref-type="fig"}). And when the current density was set as 0.3 mA cm^−2^, nanograins were acquired ([Fig. 2a2, b2](#fig2){ref-type="fig"}). And FT-IR spectroscopy was used to characterize the PPy/PDA nanowires coating and PPy doped with Cl^−^ (a control group) to approve the existence of catechols in the PPy/PDA nanowires coating ([Fig. S1](#appsec1){ref-type="sec"}). A broad peak at 3230 cm^−1^ was associate with the υ(N-H) of PPy and PDA and to the υ(O-H) stretching modes. A peak at 1265 cm^−1^ aroused from the phenolic C-O-H stretching modes of PDA. The result demonstrated that catechols exited in the PPy/PDA coating.Fig. 1The schematic illustration of formation of calcium phosphate biominerals on the polypyrrole nanowires doped polydopamine. (a, b) the polypyrrole nanowires deposited on the biomedical titanium through the simultaneous electrical polymerization of dopamine and pyrrole. (c, d) catechol moiety on the surface of conducting polypyrrole nanowires doped polydopamine assists calcium phosphate crystal formation.Fig. 1Fig. 2(a1, a2) Field emission scanning electron microscopy image (FE-SEM) of nanowires and nanograins respectively and (b1, b2) atomic force microscopy (AFM) image of nanowires and nanograins respectively.Fig. 2

The adhesion strength is a crucial factor for the service lifetime of bioactive layer coated metallic implants within the human body. Bonding strength of PPy/PDA nanowires coating on titanium implant were measured via ultrasonication. The results showed that the PPy/PDA nanowires coating were nondestructive after strong ultrasonication for 15 min ([Fig. S2](#appsec1){ref-type="sec"}).

The cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were used to characterize the electroactivity of NAPPy in the electrolyte containing 0.1 M KCl ([Fig. 3](#fig3){ref-type="fig"}). The CV of PPy nanowires showed that the oxidation peak at −0.17 V and the reduction peak at −0.26 V appears good x axis symmetry, demonstrating good reversible redox reaction. And the redox peak intensity of PPy nanowires was much stronger than that of PPy nanograins, because the surface area of nanowires coating was much higher than that of nanograins coating and interface transfer resistance and transmission time of electrons of nanowires were much smaller than that of nanograins. What\'s more, oxidation peak and reduction peak in the CV of pure titanium were not observed ([Fig. S3](#appsec1){ref-type="sec"}). ZSimpWin was used to analyze the Nyquist graph, and the equivalent electro circuit was obtained ([Fig. 3](#fig3){ref-type="fig"}b). In this case, the electrolyte resistance (Rs) was related to the resistivity of the electrolyte, and the charge transfer resistance (R~ct1~) and C~d1~ reflect the property of nanoarchitectured PPy layer doped with PDA, and the R~ct2~ and C~d2~ depend on the property of prenucleation films doped with Cl^−^. The prenucleation films deposited on the titanium, then the nanoarchitectured PPy deposited on the prenucleation films. The process suggests that titanium and the prenucleation films and the nanoarchitectured PPy connected in series, which is corresponding to the simulation results. The R~ct1~ of nanograins and nanowires are 484 and 107 Ω cm^2^, respectively, which indicates that PPy nanowires could promote the electron transmission [@bib17]. This phenomenon may result from (a) the higher specific surface area accessible to the electrolyte, and (b) smoother electron flow in oriented nanostructured matrix, which are potential applications in high sensitivity and efficiency of numerous microelectronics devices.Fig. 3(a) Cyclic voltammetry of nanowires and nanograins. (b) alternating current impedance of nanowires and nanograins. Inset: equivalent electric circuit.Fig. 3

To prove the how the PPy/PDA nanowires promote the *in vitro* biomineralization, PPy/PDA nanowires nanograins coated titanium and PPy/NSA nanowires coated titanium ([Fig. S4](#appsec1){ref-type="sec"}) and pure titanium were introduced as control groups. The CaP minerals deposited on the PPy-coated titanium after incubation in the SBF ([Fig. 4](#fig4){ref-type="fig"}). The CaP agglomerates formed on the surface of PPy/PDA nanograins after 3 days of incubation ([Fig. 4b1](#fig4){ref-type="fig"}) and the agglomerates covered most of the surface area of PPy/PDA nanowires in 3days ([Fig. 4c1](#fig4){ref-type="fig"}), resulted from the fact that the amounts of free catechols on PPy/PDA nanowires are much larger than that on PPy/PDA nanograins. The amounts of agglomerates on the surface of PPy/NSA nanowires was much less than that on PPy/PDA nanograins and nanowires ([Fig. 4a1](#fig4){ref-type="fig"}), which indicating that the catechols of PDA is critical for the CaP nucleation. After 7 days of incubation, the titanium substrate modified by the PPy/PDA nanowires was uniformly covered by CaP minerals ([Fig. 4c2](#fig4){ref-type="fig"}), and the titanium substrate modified by the PPy/PDA nanograins was covered by abundant spherical CaP agglomerates ([Fig. 4b2](#fig4){ref-type="fig"}). Nevertheless, a little CaP mineral deposited on the PPy/NSA nanowires ([Fig. 4a2](#fig4){ref-type="fig"}). High-magnification scanning electron microscopy images show that the agglomerates possessed a lath-like structure, which are similar to a typical form of hydroxyapatite crystals [@bib18]. What\'s more, little CaP mineral deposited on the surface of polished titanium after 7 days of incubation ([Fig. S5](#appsec1){ref-type="sec"}). These results demonstrated that PPy/PDA nanowires on titanium implant could promote *in vitro* biomineralization because of the high surface area and catechols.Fig. 4FE-SEM of calcium phosphate biominerals coated on the PPy/NSA nanowires (a), PPy/PDA nanograins (b) and PPy/PDA nanowires (c) after 3 days (1) and 7 days (2).Fig. 4

The Energy Dispersive Spectrometer (EDS) analysis demonstrates that the Ca/P ratio of minerals on the PPy/PDA nanowires after deposition for 7 days was 1.71, which was closer to 1.67 in the natural bone mineral than that on the PPy/PDA nanograins (1.58) and PPy/NSA nanowires (1.42) ([Fig. 5](#fig5){ref-type="fig"}a). Our results suggest that the abundant catecholamine moieties in PDA and the high specific surface area of nanowires play a dual role in the accelerating hydroxyapatite formation. The FTIR spectra shown in [Fig. 5](#fig5){ref-type="fig"}b also support that the mineral phase is hydroxyapatite. The peaks at 980-1100 cm^−1^, 957 cm^−1^, 570 cm^−1^ and 589 cm^−1^ were assigned to PO~4~^3−^ of the mineral [@bib19].Fig. 5(a) The energy dispersive spectrometer (EDS) and (b) FT-IR spectrum of calcium phosphate biominerals coated on coated on the PPy/NSA nanowires (1), PPy/PDA nanograins (2) and PPy/PDA nanowires (3) after 7 days.Fig. 5

4. Conclusion {#sec4}
=============

NAPPy doped with PDA were successfully fabricated through electrochemical polymerization. The PPy/PDA nanowires possess versatile electroactivity. Because of the abundant catecholamine moieties of PDA and the high specific surface area of nanowires, PPy/PDA nanowires coated titanium play a dual role in the accelerating hydroxyapatite formation, suggests that PPy/PDA nanowires coated titanium is a suitable implant material for effective biomineralization.
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